Abstract. The infectious chytrid fungus Batrachochytrium salamandrivorans (Bsal) has been responsible for severe population declines of salamander populations in Europe. Serious population declines and loss of urodelan diversity may occur if appropriate action is not taken to mitigate against the further spread and impact of Bsal. We provide an overview of several potential mitigation methods, and describe their possible advantages and limitations. We conclude that long-term, context-dependent, multi-faceted approaches are needed to successfully mitigate adverse effects of Bsal, and that these approaches should be initiated pre-arrival of the pathogen. The establishment of ex situ assurance colonies, or management units, for species threatened with extinction, should be considered as soon as possible. While ex situ conservation and preventive measures aimed at improving biosecurity by limiting amphibian trade may be implemented quickly, major challenges that lie ahead are in designing in situ disease containment and mitigation post-arrival and in increasing public awareness.
Introduction
Infection of an amphibian host with the chytrid fungi Batrachochytrium dendrobatidis (Bd) or B. salamandrivorans (Bsal), may cause clinical chytridiomycosis, an emerging infectious disease (EID) (Berger et al., 1998; Martel et al., 2013) . Bd was first identified in the 1990s as the prevailing cause of worldwide enigmatic declines and local extirpations of amphibian populations (Berger et al., 1998; Longcore et al., 1999) . In 2013, Bsal was described following a population collapse of European fire salamanders (Salamandra salamandra) in the Netherlands from 2010 onwards, of which less than 0.1% of the original population remained in 2016 (Spitzen-van der Sluijs et al., , 2016 . In-depth study of a similar outbreak in Belgium in 2014 demonstrated how the interplay between host, pathogen and environment is predicted to result in the extirpation of the affected fire salamander population (Stegen et al., 2017) .
Both Bd and Bsal are highly contagious and are transmitted effectively by direct contact with pathogen shedding hosts or indirectly by contact with contaminated water or substrate (Bosch and Martinez-Solano, 2006; Garmyn et al., 2012; Kolby et al., 2014; Martel et al., 2014; Courtois et al., 2017; Stegen et al., 2017) . Pathogen transmission for both amphibian chytrid fungi is via aquatic, motile zoospores which infect the epidermal cells of amphibian skin. Further, Bsal produces an infectious, non-motile, encysted spore that manifests increased environmental resilience (Stegen et al., 2017) . Although not completely understood, the release of proteases by Bd zoospores and the growth of intracellular Bd and Bsal zoosporangia cause disruption of normal skin functioning which is vital to amphibian survival Zoological Institute, Mendelssohnstr. 4, 38106 Braunschweig, Germany * Corresponding author; e-mail: Valarie.Thomas@ugent.be * * These authors contributed equally to this work (Berger, Speare and Kent, 1999; Voyles et al., 2009; Brutyn et al., 2012; Martel et al., 2013; Van Rooij et al., 2015; Farrer et al., 2017) . Although Bd and Bsal belong to the same genus, they diverged an estimated 50 million years ago (Martel et al., 2014) . Bsal is considered endemic in East Asia where it is widespread, at least in Vietnam, Japan and China, in species of the family Salamandridae Yuan et al., 2018) . Both species have an arsenal of virulence factors, which include a greatly expanded metalloprotease gene-family in Bsal (Farrer et al., 2017) . Optimal growth temperatures for Bd range between 17°C and 25°C compared to 10-15°C for the Bsal type strain. Temperatures above 25°C and 30°C are lethal for Bsal and Bd respectively (Piotrowski et al., 2004; Martel et al., 2013; Blooi et al., 2015a) . However, natural infections with Bsal were shown to occur in Asiatic newts of the genus Tylototriton at water temperatures up to 26°C, suggesting variation in thermal tolerance between Bsal isolates and, possibly, lineages Beukema et al., 2018) .
Bd can infect the skin of, and cause lethal disease in, a large range of anurans, urodeles and caecilians, although population declines have been observed mainly in anurans (Skerrat et al., 2007) . In comparison, disease caused by Bsal seems to be limited to urodeles (Martel et al., 2014) , even though some anurans can be infected by this fungus Stegen et al., 2017) . The currently observed niche breadth of Bsal in Europe appears to be only partially filled, indicating a high potential of further spread of Bsal (Beukema et al., 2018) . The international trade of Asian salamanders and newts is suspected to be the primary route for the intercontinental spread of Bsal (Martel et al., 2014; Nguyen et al., 2017; Yuan et al., 2018) . However, in captive collections outside Asia, infection can spread to other species, which in turn, can spread Bsal when traded (Fitzpatrick et al., 2018; Sabino-Pinto et al., 2018b) . Eliminating this captive reservoir of Bsal should be a key aim in order to curtail further spillover events into natural populations of naïve amphibians.
Given the high susceptibility of salamanders to Bsal (Martel et al., 2014) , and the infectiousness, pathogenicity and host range of the pathogen in Europe (Spitzen-van der Sluijs et al., 2016; Stegen et al., 2017; Dalbeck et al., 2018) , Bsal poses an unprecedented threat to non-Asian salamander species (Beukema et al., 2018) . Also, the prevalence of Bsal can be low in Asian reservoir species in captivity (Martel et al., 2014; Fitzpatrick et al., 2018) rendering detection difficult. Such pathogen reservoirs pose a formidable challenge for effectively preventing the introduction of Bsal, or subsequently managing a disease outbreak . The development of effective mitigation strategies and measures, therefore, is crucial to maintaining amphibian biodiversity both globally and locally (Woodhams et al., 2011; Garner et al., 2016) . Bsal abatement options have been considered before (Grant et al., 2015) and are continuously under revision by the US Bsal taskforce. Here, we propose a set of options we deem most feasible and efficient for the European situation given the current state of knowledge.
Two decades of research on the amphibian chytrid fungi have not yielded a single, globally effective measure for controlling Bd (Garner et al., 2016) . Despite this, knowledge gained from these efforts is informative and has guided the development of our proposed suite of actions that are most likely to be effective in mitigating the effects of Bsal in Europe.
Pre-exposure measures
Taking actions to prevent the introduction and spread of Bsal into naïve regions is currently considered as the most efficient control method available ("prevention is better than cure"; Langwig et al., 2015; Richgels et al., 2016; Grant et al., 2017; Roy et al., 2017) . Within Europe, the potential threat posed by Bsal was first recognised by the standing committee of the Bern Convention (Convention on the conservation of European Wildlife and Natural Habitats, 1979) . In December 2015, the Council of Europe released recommendation No. 176 which aims to reduce the likelihood of Bsal expanding its range throughout Europe. This recommendation states that the signatories develop a number of precautions, including i) imposing trade restrictions on salamanders until risk assessments and prevention/mitigation protocols have been developed, ii) pre-import screening for the pathogen in the live animal trade, iii) setting up and implementing monitoring, surveillance and early-warning systems to detect Bsal incursion into the wild as well as the expansion of its range following its introduction, and iv) requiring biosecurity for field work, breeding sites and captive collections.
Trade restrictions and import controls
Since the international trade of salamanders and newts is suspected to be the principal route for the international spread of Bsal, bans/restrictions on amphibian trade, alongside controls at import pathways, are likely to be the most effective precautionary measures for preventing the introduction of Bsal via amphibian vectors in Bsal-free countries (Fitzpatrick et al., 2018; O'Hanlon et al., 2018) . Wildlife trade restrictions, improved quarantine and strengthened biosecurity measures will also reduce the probability of introducing yet unknown pathogens and will thus have an impact beyond Bsal.
Such actions have already been implemented in several countries outside the European Union (EU) for example the United States (US Fish and Wildlife Service, 2016; EFSA, 2017a; Klocke et al., 2017) and Canada (EFSA, 2017a; Canada Gazette Part II, 2017; Wild Animal and Plant Protection Regulation of International and Interprovincial Act, 2017, updated May 12, 2018) . The trade restrictions can be found summarised in supplementary table S1.
Within the European continent, import restrictions have been implemented in Switzerland and Hungary (199/2017 . (VII. 10.) Korm. Rendelet, 2017; EFSA, 2018; Stark et al., 2018) and in 2018, the European Commission issued temporary legislation (2018/320) which establishes animal health protection measures for the trade of salamanders within the EU and the importation of salamanders from non-EU territories (EFSA, 2018; Stark et al., 2018) . There are omissions that weaken this regulation's relevance (Auliya et al., 2016) , for example, the non-inclusion of anurans, which can act as Bsal carriers Stegen et al., 2017) and not regulating animal traffic between private individuals.
Although policy-making with the aim of curtailing the spread of Bsal has been conducted relatively quickly in the countries mentioned above, coordinated global measures are required to regulate both the formal (e.g. commercial) and informal (e.g. hobbyists, fairs) amphibian trade (Auliya et al., 2016) in order to mitigate the spread of pathogens such as Bsal.
Additional control measures
Import bans of caudates alone may create a false feeling of security. They are unlikely to be 100% effective and Bsal is already present in captive amphibians in European regions where no Bsal outbreaks in the wild have been reported yet (Fitzpatrick et al., 2018; Sabino-Pinto et al., 2018b) . Within the EU, the trade in captive urodeles has been shown to contribute to the international spread of Bsal (Fitzpatrick et al., 2018) . Thorough screening of captive collections for Bsal (e.g. carried out in Germany; Sabino-Pinto et al., 2018b; and France; Marquis et al., 2019) and immediate treatment of these captive collections upon detection, are urgently needed to eliminate this Bsal reservoir, preferably supported by legislation. Based on an estimation of the number of amphibian keepers and number of pet amphibians in Europe, a total initial screening cost of the European states would be well below 1 million Euros as presented in supplementary table S2. Clean trade, meaning the absence of known pathogens throughout the commercial chain, was promoted as a condition for sustainable exotic pet ownership . The sale of caudates in garden centers and other retail outlets should be discouraged, since this suggests suitability for release in garden ponds, which could promote the release of contaminated animals. Several stakeholders have set up campaigns to raise awareness of Bsal (see supplementary fig. S1 ).
Biosecurity measures
It is essential to curb anthropogenic spread of Bsal during fieldwork, laboratory research, trade, recreational activities and amphibian husbandry by educating all including the public on appropriate biosecurity measures after use of amphibian habitats ). An effective measure to avoid spread of this pathogen during fieldwork is to ensure that proper disinfection protocols are utilised for hands, apparel, footwear, equipment and vehicles used in the field (EFSA, 2017b) . Bsal can be killed using most common disinfectants (table 1) (Van Rooij et al., 2017) . Individuals involved in amphibian husbandry should ensure that captive urodeles are not housed outdoors and that captive amphibians are not released into the wild. They should also ensure that all waste is properly disinfected and disposed of (EFSA, 2017b) .
Virkon S (Pfizer Limited) is used widely, relatively safe and highly efficient, but its use in the field may require derogations from existing legislation. Ethanol (and probably methanol) based commercial disinfectants can also be used effectively. Bleach is also highly effective. Soaking equipment in 10% sodium chloride for 10 minutes is potentially an effective, nontoxic and cheap alternative and its use is worth exploring further. Unfortunately, the commonly used and relatively cheap disinfectant, hydrogen peroxide, has poor activity against Bsal (Van Rooij et al., 2017) . The efficacy of these disinfectants in table 1 against cysts is unknown, however, it is expected to be lower than for spores and sporangia. Heat treatment can kill all life stages of Bsal but its routine use as a disinfectant requires further study. The fungus tolerates high temperatures poorly: Bsal cultures are killed after incubation for 5 days at 25°C (Blooi et al., 2015a) . If Bsal responds to heat in the same way as its sister species Bd, then exposing materials to 60°C for 5 minutes or 100°C for 1 minute should be an efficient disinfection procedure (Johnson et al., 2003) . Drying may kill Bsal, however, since it is currently not known to what extent encysted Bsal spores tolerate drying, it is not recommended as the sole disinfection procedure.
In cases of Bsal incursion into the wild, drastic measures, such as closing areas to the public, might be required but such actions might not be compatible with local regulations, as was the case in the Netherlands and Belgium (EFSA, 2017b) .
Pre-emergence measures can reduce the likelihood of introducing Bsal into naïve locations at a relatively low cost. Isolated populations of Bsal-threatened species might be considered as disease refugia and be managed by limiting human interaction. However, precautionary measures alone may not be sufficient, particularly without a full understanding of transmission routes for, and potential vectors of, Bsal.
Increasing host resistance
Host resistance against Bsal is currently poorly understood. However, adhesion to, and invasion of, the salamander skin are key events that appear to determine the outcome of infection (Martel et al., 2014) . Provoking a hereditary reduction in the susceptibility of highly susceptible urodelan species may be the only sustainable measure to avert further loss of biodiversity in the long term, given the high probability that Bsal will not be eliminated once it has invaded an ecosystem (Feldmeier et al., 2016; Schmidt et al., 2017; Stegen et al., 2017) . If we decide to assist in decreasing host susceptibility, three options may be worth exploring: vaccination, bioaugmentation using pre-or probiotics and selective breeding. Based on their close genetic compositions we tend to expect similar responses from both pathogens and the various strains to these pre-exposure mitigation methods. Bsal's genome is 32.6 Mb while Bd's is 23.7 Mb (Farrer et al., 2017) . Therefore, though there are commonalities, there are still differences which are reflected in the two pathogens being separate species. For example, any intervention which relies on salamanders mounting an immune response is likely to be less successful against Bsal (Stegen et al., 2017) than other amphibians against Bd.
Vaccination.
Although there is limited evidence that the development of a Bd vaccine might be possible (Woodhams et al., 2011; McMahon et al., 2014) , similar trials with Bsal have not resulted in any protection against a challenge with virulent Bsal (Stegen et al., 2017) . There are currently no proofs of concept available for vaccination against Bsal. This is probably because Bsal severely suppresses immune response in infected hosts (Farrer et al., 2017) , negating the animal's ability to mount an effective response.
Developing a vaccine is likely to be costly and any vaccine would need to be useful in a range of species. In addition, the creation of vaccines for fungal agents has proven to be much more difficult than for viruses or bacteria, as evidenced by the lack of antifungal animal vaccines. For Bsal, there are currently no proofs of concept available. There may also be a need to develop appropriate policy and budget allocations to allow the vaccination of free-living wildlife (Garner et al., 2016) . Finally, vaccination which requires application to individual wild salamanders would be logistically highly challenging in situ (Garner et al., 2016; Canessa et al., 2018) especially if booster doses were required.
In spite of such challenges, vaccination would be an appealing option in the event that a Bsal strain (or another chytrid/microorganism) was isolated/designed that establishes self-sustaining populations in amphibian communities, is avirulent, safe for target and non-target species, yet evokes a protective response against virulent Bsal across host species and life stages and for different chytrid genotypes.
Bioaugmentation.
Bioaugmentation is a method of inoculating beneficial probiotics into or on to the animal host or habitat to reduce host susceptibility by microbial defences (Woodhams et al., 2011) . Probiotics have been isolated from soil, water and amphibian skin (Loudon et al., 2014) . Bd-induced chytridiomycosis has been mitigated, although with variable success by bioaugmentation in the laboratory and in a field trial (Bletz et al., 2013) , and probiotic therapy should be considered as a potential strategy for Bsal mitigation. Knowing any potential risks that probiotics pose to ecosystems and amphibian hosts is important prior to any application to wild populations. The risks of an uncontrolled introduction of probiotics in the wild are manifold, including disruption of nutrient cycling, which could have important cascade effects for the whole ecosystem .
In addition, a suitable probiotic for bioaugmentation should be effective across Bsal genotypes, should result in persistent colonisation of the urodelan skin at densities that facilitate their antifungal activity, should preferably be transmissible to conspecifics (including offspring) and should be safe and espouse qualities which would allow it to be produced in large volumes. In order to understand the bacterial community on amphibian skin and identify the effect of probiotics on Bsal establishment, a much better understanding will be required , including of the host-pathogen-environment triangle . Recent work by Bletz et al. (2018) and Bates et al. (2018) has shown that Bsal-induced death coincides with significant perturbation of the bacterial community, resulting in increases of opportunistic bacteria that cause septicaemic events (Bletz et al., 2018) . Besides, the composition of bacterial communities on urodele skin is highly dependent on their surrounding environment, raising the possibility that laboratory trials with Bsal may be influenced by the mere transition of the animals to captivity . Currently, there are no proofs of concept that bacteria or other microbes protect susceptible salamanders against Bsal infection at natural microbial densities. On the contrary, Bletz et al. (2018) suggest that bioaugmentation might be impeded, at least in fire salamanders, as very low numbers of bacteria are maintained on their skin.
Although these bacterial communities on the salamander skin do contain bacterial lineages with pronounced Bsal-inhibiting capacity in vitro, only the repeated and consistent application of very high doses of these lineages were capable of attenuating Bsal infection (Bletz, et al., 2018) .
Selective breeding. Increasing resistance against
Bsal infection either by selective breeding (resembling natural selection by cross breeding the most resistant animals) or by genetic engineering could be an effective strategy in the mid-to long-term to permanently avert the risk of Bsal-induced population crashes. Based on their close genetic compositions we tend to expect similar responses from both pathogens to selective breeding. However, while there are commonalities, there are still difference in genetic composition and still a lot of important information on Bsal yet to be elucidated. While some frogs exposed to Bd and antifungals demonstrated a reduction in susceptibility (Garner et al., 2016) , salamanders previously exposed to Bsal did not demonstrate decreased susceptibility (reduced mortality) (Stegen et al., 2017) .
Further, this would require extensive resources for training staff in genetic engineering, infrastructure and genetic management. Selective breeding requires the availability of markers for resistance. Genetic engineering requires the identification of the genetic basis underpinning host resistance (with relevance for the situation in the wild). While gene editing in amphibian eggs is commonplace, genetic engineering in viviparous species of the genus Salamandra presents an additional challenge. For Bd, susceptibility has been linked to several genetic markers and modifying several of the encoding genes to decrease disease susceptibility may result in difficult to predict, severe side effects. Since a targeted approach is hindered by a lack of knowledge of the determinants of susceptibility to Bsal, untargeted approaches may yield usable results, yet no proof of concept (neither for Bd nor Bsal, and in fact not for any infectious disease in vertebrates) exist. For selective breeding, the slow generation time of many urodeles (typically 3-4 years) precludes the rapid evolution of resistant populations. In the current absence of suitable markers, selecting for resistant individuals in captivity will require the use of large numbers of animals in (sub-)lethal animal experiments, which may raise ethical concerns. The European Union is currently reluctant to allow the use of genetically modified organisms in agriculture and targeted modification of the urodele genome, while increasingly feasible, will have to deal with regulatory issues before any such animal can be released into the wild. In contrast with Bd, where response varies by species and sometimes populations (Bataille et al., 2015) , there is no evidence of selection for individuals with increased disease resistance in infected, natural populations. For example, Stegen et al. (2017) demonstrated high susceptibility in the few remaining salamanders at an outbreak site and in 2018, several Bsal-infected salamanders were found dead at the index outbreak site in the Netherlands, where an estimated 0.1% of the animals has survived.
Selective breeding will probably be perceived by public opinion as more acceptable compared to genetic engineering (Garner et al., 2016) but 10 years of selective breeding of midwife toads has not resulted in any notable increase in their resistance against Bd (Bosch, unpublished) . Both options could be explored but it will likely take decades before either could be shown as being successful -and probably only for a single species in that time frame. Selective breeding and genetic engineering, therefore, cannot be seen as short-term measures to address the urgency of Bsal mitigation, but at best as mid to long-term mitigation strategies.
Post-exposure measures
Bd was already widespread and had decimated many amphibian populations in several countries before its diagnosis. Epidemiological investigations of Bd, causative agent of chytridiomycosis, were reported to have started 15 years after amphibian declines were initially observed, resulting in population declines, extirpations, and extinctions of approximately 200 species . These measures have all been considered or research has been initiated for Bd mitigation. A few were implemented on various scales with varying levels of success (Woodhams et al., 2011; Garner et al., 2016) . In some populations and countries affected by Bd, host and pathogen have reached co-existence. Bsal was discovered much more recently, has not been detected in many countries and has been detected in relatively small regions in those affected. Therefore, the opportunity still exists to implement measures to avoid the incursion or delay the spread of this fungus. Also, if Bsal enters a naïve location, the efficacy of these methods may be high as the pathogen will likely be limited to a much smaller geographical area and fewer populations. However, the presence of two different forms of the fungus with one of them being the encysted environmentally resistant spore, makes success of these individual mitigation methods less likely.
Once there has been a Bsal incursion to a novel site, mitigation methods should focus on: 1. reducing the impact of the pathogen on susceptible amphibian species, 2. setting up conservation strategies to prevent population extirpation, and 3. preventing further Bsal spread. In exceptional cases, elimination of Bsal from the system may be attempted. However, the presence of animal and environmental reservoirs will likely preclude eradication from most ecosystems (Stegen et al., 2017) . These postemergence approaches can be classified as measures to i) reduce the fungal load in the environment or host, and ii) safeguard populations from Bsal-induced extirpation. Such measures can be generally divided into in situ and ex situ approaches.
Short-term solutions are considered vital in temporarily preserving amphibian populations at risk (Garner et al., 2016) . For example, as shown for Bd, interventions with antifungals during an epidemic can alter infection dynamics and alleviate disease (Hudson et al., 2016; Geiger et al., 2017) . However, in the absence of long-term disease management in situ, any short-term measure is unlikely to result in significant conservation success. This underscores the importance of further research into potentially effective mitigation measures. Here, we will discuss captive assurance colonies, in situ treatment of animals and the environment, creating barriers to limit Bsal spread and bioaugmentation.
Some bacteria have been detected to decrease Bd in vitro and in the field (Bletz et al., 2013) . In the case of Bsal, some bacteria found on the host's skin have been able to reduce Bsal in vitro (Bletz et al., 2018) . Physical barriers appear to have reduced spread of both Bd and Bsal from infected populations to naïve populations located within close proximity (Rodríguez-Brenes et al., 2016; Spitzen-van der Sluijs et al., 2018) . Captive assurance colonies have had mixed outcomes in the case of Bd (Woodhams et al., 2011) and we expect will be just as challenging for Bsal, especially in terms of husbandry of such varied hosts and the host-pathogenenvironment triangle. In situ treatment of the environment/animals has also been carried out for Bd and has had some success (Woodhams et al., 2011; Garner et al., 2016) . These in situ treatments of animals and the environment are expected to have some success in reducing the number of Bsal spores in the environment. However, they may not be as effective on the environmentally resistant spores. In addition, since less information is currently available on Bsal, these mitigation measures are not likely to work better than they have for Bd. (Woodhams et al., 2011) .
Hitherto, no environmental treatment has been applied to mitigate Bsal infection, but a few interventions have been shown to be effective to control Bd. Using aquatic invertebrate 'micropredators' for the removal of Bd from the aquatic environment has been identified as a potential mitigation measure for aquatic or semiaquatic species and may also be potentially used against Bsal spores (Buck et al., 2011; Searle et al., 2013; Schmeller et al., 2014a) . However, it is unclear to what extent the availability of other food sources influences the capacity of these micropredators to remove spores from the environment. Bd-removing micropredators were found to contribute to creating refuges from chytridiomycosis (Blooi et al., 2017) .
Eliminating the environmental reservoir of Bsal can be expected to contribute to controlling Bsal outbreaks. Crucial information is currently lacking about whether, how and to which extent Bsal (but equally Bd) can persist in the environment in the absence of amphibian hosts. Identifying and enhancing micropredators which are able to reduce the number of Bsal spores in the environment may eventually lead to a reduction in the number of infected amphibians. The situation for Bsal is more complex compared to Bd, since Bsal produces two types of spores: zoospores and encysted spores. The latter, floating at the water-air interface, were shown to be less susceptible to predation (Stegen et al., 2017) . Also, it is unclear whether a similar principle of predation is applicable to terrestrial systems. Currently, there is no proof of concept available of the impact of manipulating micropredator dynamics on amphibian chytrid dynamics in nature. Therefore, applying this approach to field situations requires caution since either selectively enhancing specific components or adding foreign organisms to ecosystems may alter foodwebs.
Physical methods, such as pond-drying and elevating the temperature of ponds, have been used to destroy Bd in the environment despite facing several challenges such as legal (protected species and habitats present), technical and epidemiological (for example: propensity of amphibians to escape from drying ponds, which may propagate pathogen spread). Physical methods are expected to have similar success in decreasing the Bsal zoospores in the environment while experiencing similar challenges as with Bd. Bd does not survive drying (Johnson et al., 2003) and the efficacy of pond-drying, in relation to Bsal, will depend on how Bsal spores respond to desiccation. The efficacy of pond-drying and elevating the temperature of ponds will also depend on the type of Bsal spores present in the environment. These methods are not expected to work as efficiently on the environmentally resistant encysted form of the Bsal spore (Stegen et al., 2017) .
Subjecting the fungus to temperatures and conditions which are unfavourable for growth and persistence of aquatic and other life stages, will result in its reduction. Johnson et al. (2003) showed in vitro that Bd is sensitive to desiccation and is fully cleared within 1h of drying. However, in a field study by Bosch et al. (2015) , pond drying combined with the application of itraconazole did not eliminate Bd but merely decreased infection intensities for a short period of time. When these were combined with environmental disinfection, later, Bd was eradicated. Also, if pond drying is not done at an appropriate time it could result in dispersal of infected individuals, the destruction of the local ecology, including the death of tadpoles, eradication of local benign nano-, micro-and mesoplankton, which could negatively affect amphibian populations and other biodiversity. Finally, pond drying is more difficult to apply to important urodele habitats such as streams. On the other hand, for species that reproduce in ephemeral ponds, strategic artificial desiccation may result in the elimination of Bsal and of predators of amphibian larvae thus increasing juvenile survival and population persistence (Johnson et al., 2003; Woodhams et al., 2011) . Any mitigation strategy that may potentially involve the degradation or destruction of habitat will require a careful and transparent costbenefit analysis (where "costs" is used to encompass any side-effect, including environmental damage).
Increasing the water temperature of amphibian breeding ponds, which can be achieved by removing canopy cover, can provide an important refuge from Bd (Freidenburg and Skelly, 2004; Forrest and Schlaepfer, 2011; Savage, Sredl and Zamudio, 2011; Scheele et al., 2014) . Decreased shading of ponds is linked to lower Bd infection intensities (Raffel et al., 2010; Heard, et al., 2014) . While this is cost-effective and would be beneficial to amphibian species which are tolerant of or even prefer higher temperatures (Langton et al., 2001) , the relevance for European urodeles can be questioned. Increasing water temperatures may be expected to be poorly tolerated by heat-sensitive species and its relevance for lotic ecosystems is very uncertain. Besides issues of feasibility, water temperatures should be higher than 25°C to kill Bsal (Blooi et al., 2015a) , exceeding the thermal preferences of many European urodeles. While its efficacy has yet to be demonstrated, it may be worth considering the option of decreased shading of terrestrial habitats as a supportive action to reduce environmental Bsal loads through surface heating and desiccation. Again, competing objectives such as revegetation targets, the impact on other species and broader issues such as forestry interests will need to be taken into account.
The environmental application of chemical treatments is another option for fungal disease mitigation. Applying the disinfectant Virkon S 1% (as experimented by Bosch et al., 2015 at the breeding sites of Alytes muletensis) or adding sea salt to increase salinity Mahony, 2012, 2015) were able to eliminate or lower Bd infection in the aquatic environment and may be promising strategies for inhibiting Bsal growth. Fungicides have only been used in simple single-host systems and controlled, isolated habitats (Garner et al., 2016) and it remains to be demonstrated whether they could work in more complex habitats. In addition to these potential limitations to their in situ application, preliminary studies indicate that fungicides and disinfectants are ineffective in curbing Bsal (Van Rooij et al., 2017) .
Creating saline refuges in amphibian environments has been suggested as a feasible conservation method to control Bd infections in anurans, being relatively cheaper than other methods. While this method functions by disrupting chytrid growth and motility (Stockwell, Clulow and Mahony, 2015) , it has been shown to have deleterious effects in aquatic organisms (Karraker, Gibbs and Vonesh, 2008; Denoël et al., 2010; Karraker and Gibbs, 2011; Tollefsen et al., 2015; Jones et al., 2016) . It will also be difficult to apply to lentic systems, and like with fungicides, its effects in terrestrial systems remain unknown.
The methods used in environmental manipulation may create tolerance to, or resistance against, Bsal among small isolated groups of amphibians and also provide sanctuaries for focal species deemed highly vulnerable and of particular conservation concern. However, they may be less effective mitigation measures for Geiger et al. (2017) , indicated that itraconazole treatment decreased the probability of Bd infection and the mortality rate of infected animals, however, as soon as treatment was ceased, all benefits disappeared and the infection and mortality rate increased to those of untreated individuals. This suggests treating infection does not induce any protective immune responses to Bd (Hudson et al., 2016) and, when based on empirical data without proper toxicity assessment, may even have detrimental effects on the survival of a species (Loyau et al., 2016) . This in situ treatment method, while labour-intensive and limited to amphibian species for which recapture rates are relatively high, could be used as a short-term conservation tool to reduce the mortality caused by Bd or Bsal during periods of high disease risk or to gain time during disease outbreaks while a more permanent solution is identified (e.g. Hudson et al., 2016; Geiger et al., 2017) . Effectively treating a Bsal-infected fire salamander population would require an almost total coverage of the population, combined with a 100% effective treatment to interrupt transmission . Anything less might result in adverse effects: prolongation of the survival of infected animals would increase the potential for disease spread within and outside the focal population. Such an effective treatment can be done only ex situ, since it requires repeated and consistent application of either the use of relatively high temperatures (25°C) or a combination of the antimicrobial drugs polymyxin E and voriconazole (Blooi et al., 2015a (Blooi et al., , 2015b . In practice, this would mean removal of all infected animals from their habitat and release after treatment.
Safeguard populations

Bioaugmentation and vaccination
For vaccination, see section 2.4.1. Provided a protective vaccine can be developed, this could be applied during an outbreak to limit losses. For bioaugmentation, see section 2.4.2. Besides being a preventative approach, micro-organisms, either alone or in mixtures, could potentially be used therapeutically during a Bsal outbreak to limit the impact of infection.
Preventing further Bsal spread
Reduce fungal load
Removal of hosts
The removal of infected or even of all susceptible hosts (including non-infected) from a population might be a mitigation strategy worth exploring. In susceptible species, the eradication of Bsal is likely to require the removal of a substantial proportion (> 90%) of the focal hosts as well as any other species in the same area that are acting as reservoirs . Moreover, Bsal has been shown to persist in the environment in the absence of amphibian hosts. This possibly explains, at least in part, the high probability that a susceptible population will be extirpated by Bsal (Stegen et al., 2017) . It also means that eradication from a site is unlikely, although the likelihood of this will be increased the longer the site is maintained free of amphibians. However, even if eradication cannot be achieved, removing infected animals reduces the probability of spillover of Bsal to neighbouring populations ; Spitzen-van der Sluijs et al., 2018). The reaction of the public to host removal may be expected to vary according to the fate of the animals removed. Translocation of these animals to other sites should be strongly discouraged and reintroduction at the original site is only acceptable after Bsal eradication has been demonstrated and maintained for a reasonable period of time. Otherwise, this may result in flare-ups of infection, with the likelihood of further spread to neighbouring sites. While culling may well be the most rational option, and is well accepted in OIE disease control programmes, this is more likely to meet adverse reactions compared to transferring the animals to captivity with subsequent treatment.
Safeguarding populations
Creating barriers to the spread of
Bsal Simple mathematical models suggest that Bsal will spread rapidly in a homogeneous landscape ). Yet, this is not what was observed near the Bsal index site. In fact, there are indications that the natural (autonomous) spread of Bsal is relatively slow and can be interrupted by barriers that limit dispersal of infected salamanders such as rivers, highways, unsuitable habitat and fences (Spitzen-van der Sluijs et al., 2018). That study did not identify biotic or abiotic vectors of Bsal, but its results suggest that the local movement of infected hosts may be crucial in the dispersal of Bsal over short distances, whilst human-mediated transmission will be the most important pathway of longdistance spread. Understanding the fundamentals of range expansion would offer opportunities for developing barrier-based strategies. This may be used to protect uninfected (sub)populations through isolation, or to contain outbreaks if caught at an early stage. Such measures may be effective in the short-term and could significantly reduce the risk of spread of Bsal, but their efficacy in the mid to long-term is unclear, given the non-continuous distribution pattern of Bsal. This pattern is characterized by often large distances between outbreak sites, which are highly unlikely to be bridged by infected salamander hosts within the observed timescales. Although human-mediated spread may at least in part explain the long distance dispersal of Bsal, between-site transmission is currently poorly understood and biotic (e.g. birds) and abiotic dispersers cannot be currently excluded. However, the persistence of an uninfected fire salamander population for over 8 years only 800 m from the Bsal index outbreak suggests that managing landscapes, exploiting existing barriers and creating meaningful barriers may be a relatively low-cost option worth exploring. (IUCN, 2013; Muths and McCallum, 2016) . Affected host species could be reintroduced, either with translocations from other wild populations or using individuals that have been captured and treated or bred in captivity. Also, reinforcement of extant populations may be implemented in combination with other mitigation actions that augment resistance to infection or disease. More radical options might also include the assisted movement of threatened species to areas of lower Bsal risk (Gagliardo et al., 2008) . Experience shows that efforts to establish captive assurance colonies should be initiated early in the mitigation process . Given resource limitations, prioritisation is inevitable and conservation units (from population to species level) have to be defined (see section 4.3). Establishing captive assurance colonies is currently the only effective action to preserve species with small ranges, or otherwise valuable populations, following invasion by Bsal. Although this is a feasible option, any such action should be planned and executed carefully and conducted from the outset, with an explicit view to future reintroduction options (Canessa et al., 2016 ).
Setting up conservation strategies
This includes keeping animals under high levels of biosecurity as necessary to prevent exposure to other pathogens that might eventually be released into the wild with the animals or their offspring, as was the case with the contamination of Mallorcan midwife toads by Bd (Walker et al., 2008) . Also, captive assurance colonies need to have informed genetic and veterinary management -which often requires the involvement of multiple centres -and to be run in accordance with IUCN guidelines . Protocols for such assurance colonies and resources should preferably be in place for all high-risk populations or species. Expertise to maintain and breed European urodeles is widely available, although largely limited to the private sector (e.g. DGHT, AG Urodela). Currently, only one European species is propagated consistently in the framework of a captive assurance colony, combined with reintroduction efforts: the Montseny brook newt (Calotriton arnoldi, LIFE-Tritó project, http://lifetritomontseny.eu/). Such captive assurance colonies would benefit from participation and collaboration of professional organisations (zoos, aquaria, represented by EAZA), research institutions and the private sector .
Supporting actions
The actions discussed above seek to achieve a conservation objective, namely to ensure the persistence of populations or species by preventing the introduction of Bsal or by mitigating its effects if it is introduced. To be effective, such actions need to be informed by knowledge of Bsal host-pathogen dynamics and information on Bsal spread, host conservation status and outcomes of any previously implemented action. Moreover, mitigation strategies will require many decisions to be taken at different levels, from the global to the local scale, with widely differing levels of available resources. Here, we detail several actions that might assist the broader mitigation process. It must be noted that these actions are only useful in supporting the mitigation actions discussed above: for example, monitoring alone will not abate the negative impacts of Bsal, but the data collected are vital in understanding where and how to implement conservation interventions.
Early-warning system
An early-warning system is a valuable tool for rapid Bsal detection and response. It consists of Bsal notification points that are responsible for national or regional surveillance for, and the collection of, dead amphibians (by local volunteers) and the determination of the cause of death. Early warning systems were largely unimplemented for a long period during Bd's spread since the cause of amphibian mortality remained elusive. Epidemiological investigations of Bd were reported to have started 15 years after amphibian declines were initially observed, resulting in population declines and extirpations, and extinctions of approximately 200 species . A sensitive and specific diagnostic technique that shows high interlaboratory reproducibility of results is key to an efficient early-warning system and, for Bsal, consists of quantifying Bsal genome equivalents in non-invasively collected skin swabs Thomas et al., 2018) . Once more information on the disease killing amphibians became known, a sensitive and specific test with interlaboratory reproducibility for detection of Bd was developed by Boyle et al. (2004) . Presence of Bd was detected on museum specimens collected over a century prior to detection of chytridiomycosis infection. As part of a project, funded by the European Commission (Tender ENV.B.3/SER/2016/0028, Mitigating a new infectious disease in salamanders to counteract the loss of biodiversity, http://bsaleurope.com/), notification points have been set up in Belgium, France, Germany, the Netherlands, Spain, Italy, and the UK. The setup of an effective early-warning system requires informing, and active involvement of all stakeholders (including the public), building sufficient diagnostic capacity and efficient data management, including proper reporting to the OIE (Bsal was listed in 2017 by the OIE). Detecting environmental DNA of target organisms (eDNA) (Taberlet et al., 2012 ) is now widely used for biodiversity inventories, and recommended for use in the early detection of invasive species (Darling and Mahon, 2011) and aquatic pathogens (Guy et al., 2003; Huver et al., 2015) . For Bd, eDNA detection in water was shown to be efficient in detecting occupancy of ponds by Bd (Walker et al., 2007; Schmidt et al., 2013) . The applicability of eDNA for detecting Bsal is currently uncertain as it would require detecting pathogen DNA in more complex matrices such as forest soil. Standard eDNA detection in water would be useful for detection of Bsal during the aquatic phase of urodelan life. However, many salamanders in Europe are terrestrial, thus the testing for eDNA would need to be carried out in matrices more complex than water.
Regardless of the diagnostic method used, an efficient early-warning system should include active and passive disease surveillance. We here use the terms pathogen and disease surveillance as ongoing recordings of Bsal and Bsalassociated disease in wild amphibian populations. "Passive pathogen and disease surveillance" is used for the recording of Bsal and Bsal disease presence as they occur (reactive) and "active pathogen and disease surveillance" for targeting individuals to detect Bsal and Bsal disease presence (proactive). Active and passive surveillance were implemented for Bd pathogen and disease in several countries in Europe (Garner et al., 2005) . Bd spread to many countries before information was available on the cause of amphibian mortality in those locations therefore, many measures which have been implemented as part of the early warning system against the incursion of Bsal were not able to be implemented in those environments but may still be implemented in countries or regions free of Bd.
Passive disease surveillance.
Passive surveillance of Bsal outbreaks is currently done by the reporting of opportunistically observed suspect cases to a regional hotline for further examination. Observers can be professionals or lay people. Passive surveillance can enable the detection of disease across large spatial scales, but the likelihood of detection depends on many factors such as the mere detectability of the affected species (many urodele species are secretive), the degree of observer effort (e.g. number of observers and amount of time each observer spends looking for diseased animals), the ability of observers to identify disease and the likelihood that any diseased animals detected will be reported to the relevant authority (Kéry and Schmidt, 2008; Buckland et al., 2010; Lawson, Petrovan and Cunningham, 2015) . Key example of public reporting leading to disease detection in this context is detection of the index outbreak of Bsal in the Netherlands, the first signs of which were noted as a steep population decline in the framework of a long-term salamander monitoring campaign. Passive surveillance currently seems to be the most feasible approach for detecting the occurrence of Bsal disease outbreaks in Europe, at least in species with large ranges (EFSA, 2018) . Through the European Union Bsal tender, passive surveillance for amphibian diseases recently initiated at the national level in Belgium, France, Germany, Italy, the Netherlands, Spain, Switzerland and has been ongoing at the national level in the United Kingdom since 1989 (Lawson, Petrovan and Cunningham, 2015) (http://bsaleurope.com/).
Active disease surveillance.
Implementing a thorough system of active surveillance throughout Europe would be the most reliable way to determine the current distribution of Bsal infection in the wild; however, such a system would require enormous amounts of resources that may need to be diverted from other uses. It may be more efficient to concentrate active surveillance and monitoring within and around localities where a disease outbreak consistent with Bsal chytridiomycosis is detected (EFSA, 2018) . In Austria, Belgium, Croatia, Czech Republic, France, Germany, Portugal, Slovenia, Spain, Switzerland, the Netherlands and the UK, non-systematic active surveillance has been carried out on an ad hoc basis (EFSA, 2018). Active surveillance for Bsal is currently done by proactively sampling amphibians for presence of Bsal infection or for Bsal disease itself in a quantitatively adequate number of populations. Since Bsal outbreaks are characterized by collapses of urodele populations, the least costly option is to monitor sentinel populations of susceptible host species for signs of population declines. Such actions can be designed as citizen science projects (Dickinson et al., 2012) coordinated by relevant scientific entities. Integration of professional and citizen-science monitoring schemes may broaden the coverage and amount of data collected, particularly if optimised spatially and temporally (Morán-Ordoñez et al., 2018) . Longitudinal monitoring of amphibian populations is key to interpret disease findings and provides the necessary baseline information to evaluate disease impact.
Monitoring of ongoing population declines and past outbreak sites
Populations already in decline and adjacent ones, require special attention via monitoring. Ficetola et al., 2018) . Monitoring of the host population and the pathogen should continue well after host populations are ascertained to have declined or been extirpated, to provide information about Bsal's persistence in the environment and/or in alternative hosts. In the future, this will provide useful information for the development of post-outbreak restoration protocols, such as reintroductions.
Conservation prioritisation
Scientific evidence is essential to narrow knowledge gaps and inform the decision-making process as to which species are prioritised. However, clarifying the decision context (who decides whether a species should be allocated resources, who provides those resources, who implements the action) is just as important (Game, Kareiva and Possingham, 2013) . Prioritisation of Bsal mitigation actions at the European level would need to follow these four steps: (1) definition of priorities, based on EU, state or local legislation, or criteria describing the importance of species and subspecies in terms of e.g. genetic diversity, ecosystem function or cultural values; (2) a complete risk assessment of the impacts of Bsal on all species; (3) evaluation of the benefits and costs of potential actions for each species by an expert panel including scientists, managers and policy-makers; (4) identification of priority species (selection and listing of specific species that fit the criteria for prioritisation per point 1 above). In the current situation, information about species-specific risks and actions is urgently needed. Thirty-four urodele species occur across the 27 EU member states (European Red List, 2018) . Given the limited resources available, it is unlikely that full protection against Bsal impacts could be provided to all those species in all those countries (also considering the intraspecific variants of conservation interest). Several quantitative methods for transparent conservation prioritisation have been developed (Brooks et al., 2006; Schmeller et al., 2008; Joseph, Maloney and Possingham, 2009; Moilanen, Wilson and Possingham, 2009; Gerber et al., 2017; Grant et al., 2017) . Prioritisation is the result of a trade-off between the potential for successful conservation (the actions available and their chances of success, given the risk to a species) and the preferences and constraints of the decision makers, such as the conservation value attributed to a species, its distribution range, available resources, unwanted effects on ecosystems, and attitudes to risk (Joseph, Maloney and Possingham, 2009; Tulloch et al., 2015) . Understanding these components and treating them appropriately is key to a transparent decisionmaking process (Game, Kareiva and Possingham, 2013) .
These trade-offs are also relevant in the case of Bsal. First, priorities will inevitably depend on the decision context. For example, S. salamandra may not be considered a conservation priority at the EU level or in many countries in which it is common. Because of its restricted geographical range in the Netherlands and the fact that it has been severely affected by Bsal, S. salamandra is prioritised for conservation there . Many possible criteria for prioritisation have been suggested, from genetic representativeness (Isaac et al., 2007) to range-wide relevance of local declines (Schmeller et al., 2008 (Schmeller et al., , 2014b to cultural values (Pollard et al., 2014) . The object of prioritisation, is utilising feasible mitigation measures which are available for conserving species: if actions to mitigate Bsal are not available or feasible in practice, species priorities have little meaning (Brown et al., 2015) . Also, the management of more common species that may for example serve as disease reservoirs needs to be implemented so that primary mitigation actions can be effective (Dobson, 2004; Stegen et al., 2017) . This also applies to monitoring, where sentinel species might be prioritised for surveillance even though they are not conservation priorities (Halliday et al., 2007) .
Conclusion: critical research gaps and future actions
Bsal mitigation is surrounded by a high level of uncertainty, however, this should not result in protracted decision-making periods or inaction as this will lead to certain biodiversity loss. From a pragmatic conservation perspective, the main objective of mitigating Bsalinduced chytridiomycosis should be to preserve susceptible amphibian species and populations and protect biodiversity, rather than the eradication of Bsal in the wild per se. In this sense, any single method is unlikely to accomplish the desired conservation outcome (Gagliardo et al., 2008; Garner et al., 2016) . Each approach has its benefits and limitations; therefore, a combination of methods may have the best chance of success. Given the lack of verified, reliable disease mitigation options, we advise that pre-emptive measures, aimed at reducing pathogen spread and further pathogen introductions by a combination of trade restrictions, biosecurity measures and eliminating the captive Bsal reservoir are enacted as a matter of urgency. The set-up of a long-term population monitoring network is key in the early recognition of changes in population sizes, which allows estimating disease impact and evaluation of population recovery. Developing and maintaining a robust early warning system based on passive surveillance will be highly beneficial for the implementation of these Bsal control measures. Another important supporting action is the monitoring of host population (size) and Bsal-infection dynamics (prevalence, mortality) in known outbreak areas with a view to making apropos conservation decisions. The final supporting action is the development of an evidence-based emergency action plan for at-risk species.
In case of a Bsal outbreak, actions that can be taken should focus on disease containment and preserving valuable populations or species where relevant. Disease containment may consist of a rigorous combination of: 1) limiting opportunities for pathogen dispersal, for example by fencing off areas and restricting access to prevent entry of humans, large mammals, waterbirds and anurans. 2) eliminating potential Bsal environmental reservoirs (drying and disinfection of ponds).
3) identifying and eliminating potential
Bsal amphibian reservoirs by consistent and repeated removal of Bsal hosts.
4) delineating the outbreak by intensive monitoring of neighbouring populations for Bsal infection and population declines by repeated sampling using skin swabs and population monitoring. Establishment of ex situ assurance colonies is the most immediately viable course of action and the only option available currently to preserve populations or even species at risk from Bsal. However, this must be implemented with the primary intention of developing a long-term protection strategy for effective and sustainable reintroduction. The latter needs applied conservation studies into sustainability, feasibility and effectiveness of mitigation actions (table 2) .
The implementation of current legislation and the above mentioned recommendations is likely to reduce introduction events of Bsal and may contain the disease at novel outbreak sites, but does not provide long-term, sustainable solutions for infected systems. This will require closing the following critical knowledge gaps: 1) introduction pathways: while it is currently assumed that amphibian trade is key in the global dispersal of amphibian-infecting chytrids (Martel et al., 2014; O'Hanlon et al., 2018) , proven examples of this are rare (Walker et al., 2008) . Identifying crucial components of amphibian-associated pathways for introducing chytrids (not a priori excluding any biotic or abiotic vector) would increase the efficacy of measures aimed at preventing further introductions.
2) understanding pathways of the dispersal of Bsal between populations. Preventing the further spread of Bsal in Europe from the existing outbreak sites requires knowledge of mechanisms underpinning this pathogen's spread. While dispersal through infected amphibian hosts seems important at short distances (Spitzen-van der Sluijs et al., 2018), humanmediated spread may be key on a larger spatial scale. However, the possible contribution of other biotic (e.g. migratory birds, large mammals) and abiotic (e.g. waterways, wind) vectors is not yet known.
3) understanding Bsal reservoirs is crucial to any in situ control programme: an eight year follow-up of the Bsal index outbreak demonstrates very low prevalence, with very low infection loads in the supposed reservoir host (Alpine newt), suggesting that the existence of a different, non-amphibian reservoir of Bsal may be necessary to maintain Bsal in this ecosystem. Identifying critical components in an affected ecosystem that allow Bsal persistence could greatly contribute to any eradication action.
4) understanding host susceptibility to Bsal infection. Any action aimed at increasing resistance against infection will benefit from a thorough understanding of the host-pathogenenvironment interaction, knowledge of which is currently in its infancy. Understanding crucial events like adhesion and intra-epidermal pathogen proliferation from a host, pathogen and environment perspective could open opportunities for vaccination, bioaugmentation, environmental augmentation and the eventual creation of more resistant host lineages. 
